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Introduction {#sec1}
============

As an emerging alternative light-harvesting material in solar cells, cesium (Cs)-based halide perovskites have recently attracted booming attention due to their excellent charge transport properties and thermal stability ([@bib26], [@bib27], [@bib29], [@bib11]). It has been demonstrated that α-CsPbI~3~ (cubic phase) exhibits a band gap of ∼1.73 eV, highly desirable for building top cells in tandem perovskite solar cells (PSCs). However, α-CsPbI~3~ perovskite exhibits a tolerance factor of ∼0.85, making the materials unstable at room temperature due to the easily spontaneous transformation to the photo-inactive δ phase ([@bib4], [@bib9]), severely hampering its application toward high-performance PSCs. Among various approaches ([@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib4], [@bib9], [@bib5], [@bib22], [@bib18], [@bib30], [@bib12], [@bib14], [@bib3], [@bib10], [@bib11]), additive engineering, which involves careful selection and addition of components to the precursor solution, has been commonly employed for the perovskite deposition to achieve a better control of the crystallization process and the ensuing film quality ([@bib21]). Optimization of the additive engineering has been demonstrated as an effective and facile route toward Cs-based photovoltaic devices with improved efficiency and stability and has become an emerging focus of PSC research.

As an exemplary case, adding hydriodic acid (HI) to the *N,N*-dimethylformamide (DMF) solution of lead iodide (PbI~2~) and cesium iodide (CsI) has been demonstrated as a popular way to enhance the phase stability of the resultant Cs-based perovskite films ([@bib2], [@bib4], [@bib14]). However, the understanding of the detailed reaction mechanism and actual role of the additives has often remained elusive, which hinders further optimization of the fabrication process. For example, it has recently been suggested that the "mythical" hydrogen lead trihalide (HPbI~3~, also known as PbI~2~∙*x*HI), the often-assumed reaction product of HI and PbI~2~, does not actually exist ([@bib8]). Instead, adding acid to DMF is known to generate a weak base dimethylamine (DMA) through hydrolysis ([@bib16], [@bib21], [@bib1]), and with the presence of PbI~2~ the actual final product is believed to be a compound of DMAPbI~3~ (DMA^+^ = dimethylammonium, (CH~3~)~2~NH~2~^+^). Despite the broad adoption of such reaction route in fabricating Cs-based perovskite materials, systematic investigation of DMAPbI~3~ as the starting material and its effect on the performance of the resultant PSCs has been largely missing, breeding continued debates and confusion.

Here, we present a detailed characterization of the hydrolysis-derived DMAPbI~3~ and its role in producing high-quality Cs-based perovskite films. We employed an extensive set of techniques to accomplish in-depth analysis of the composition and properties of DMAPbI~3~ as the starting material, including *in situ* thermogravimetry Fourier transform infrared spectroscopy (TG-FTIR) coupled analysis, nuclear magnetic resonance (NMR), and FTIR. We systematically tuned the CsI/DMAPbI~3~ molar ratio in the precursor and investigated its effect on the film property of the perovskite material, including film morphology, defect states density, carrier lifetime, and material stability, among other PSC performance metrics. We achieve a power conversion efficiency (PCE) up to 14.3%, with over 85% of the initial efficiency retained after ∼20 days in ambient condition without encapsulation. Our findings offer new insights into this important fabrication process, which can lead to better implementation and further optimization in producing high-quality Cs-based perovskite materials for solar cells with improved efficiency and stability.

Results and Discussion {#sec2}
======================

We synthesized the DMAPbI~3~ powder following the commonly used method by reacting PbI~2~ and HI in DMF (details in [Methods](#sec3){ref-type="sec"} section), which is used as the starting material for making the Cs-based perovskite films ([Figure 1](#fig1){ref-type="fig"}A). This method was once widely believed to produce the "mythical" HPbI~3~ ([@bib24], [@bib17], [@bib13]), whereas a recent study challenged such claim and proposed that the product would be DMAPbI~3~ ([@bib8], [@bib1]), which is now confirmed, finally, by our detailed analysis as described below.Figure 1Synthesis and Characterization of the DMAPbI~3~ Powder(A) Schematic diagram for synthesizing DMAPbI~3~ powder.(B) XRD pattern of the DMAPbI~3~ powder.(C and D) SEM images of the DMAPbI~3~ powder with different resolutions, See also [Figure S1](#mmc1){ref-type="supplementary-material"}.(E--H) Energy-dispersive spectrometric (EDS) mapping for N, Pb, and I elements in the DMAPbI~3~ powder: EDS mapping of (E) N, Pb, and I elements overlay, (F) N element, (G) Pb element, and (H) I element distribution of the DMAPbI~3~ powder.

X-ray diffraction (XRD) patterns of the synthesized powder ([Figure 1](#fig1){ref-type="fig"}B) show peaks at 11.6°, 20.2°, 25.8°, 31.1°, 32.1°, 35.4°, 41.1°, and 42.8°, which can be well ascribed to DMAPbI~3~ ([@bib15], [@bib8]). In addition, the scanning electron microscopic (SEM) images ([Figures 1](#fig1){ref-type="fig"}C and 1D) show that the powder particles have the shape of hexagonal rods ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}), consistent with DMAPbI~3~ crystals ([@bib15], [@bib7]). Furthermore, energy-dispersive spectrometric (EDS) mapping ([Figures 1](#fig1){ref-type="fig"}E--1H) measurements identify element N uniformly distributed in the entire sample ([Figure 1](#fig1){ref-type="fig"}F), together with elements Pb and I ([Figures 1](#fig1){ref-type="fig"}G and 1H). The above evidences strongly support that such reaction route in fact produces DMAPbI~3~; in particular, the universal existence of element N invalidates the misbelief of the delusional "HPbI~3~" product from this reaction.

We further confirmed the material composition of the DMAPbI~3~ powder by performing FTIR spectrum, *in situ* TG-FTIR coupled analysis, and ^1^H NMR measurements. The FTIR spectrum confirms the presence of N-H and C-H bonds ([Figure 2](#fig2){ref-type="fig"}A), showing clear signatures of the N-H stretching mode (3,200--3,450 cm^−1^) and C-H bending mode (1,490--1,350 cm^−1^) ([@bib6]). The TG-differential TG data, together with *in situ* TG-FTIR, show two clear weight-losing stages during heat decomposition of the DMAPbI~3~ powder ([Figure 2](#fig2){ref-type="fig"}B). The first stage starts at 337.9°C with 24.7 wt % weight loss, corresponding to the volatilization of organic components, confirmed by the N-H, C-N, and C-H characteristic peaks in the released gases ([Figures 2](#fig2){ref-type="fig"}C--2E). During the second decomposition stage (∼400°C--640°C), the N-H, C-N, and C-H peaks disappear in the FTIR ([Figures 2](#fig2){ref-type="fig"}D and 2E) and the weight loss is consistent with the melting of lead iodide (PbI~2~) (bulk melting point at 402°C) ([@bib19]). In addition, the ^1^H NMR spectrum ([Figure 2](#fig2){ref-type="fig"}F) of the powder (dissolved in dimethyl sulfoxide-d~6~, DMSO-d~6~) shows clear signals at δ = 8.15 ppm and δ = 2.55 ppm, corresponding to protons in --NH~2~^+^-- and --CH~3~, respectively ([@bib8]). The integrated ratio from these two signals (corresponding to the molar ratio) is ∼1:3, also consistent with the chemical formula DMA^+^ ((CH~3~)~2~NH~2~^+^). All the results again strongly confirm DMAPbI~3~ as the product from the above reaction, which we will use as the Pb source for fabricating Cs-based perovskites.Figure 2Compositional Analysis of DMAPbI~3~ Powder(A) FTIR spectra.(B) TG-differential TG curve.(C) Three-dimensional *in situ* TG-FTIR spectra (temperature from 200°C to 440°C).(D and E) *In situ* TG-FTIR spectra of volatilized products at various temperatures during the thermal degradation. The wavenumber ranges containing (D) N-H bend, C-N stretch and (E) C-H stretch were selected.(F) ^1^H NMR spectra; the powder for NMR measurement was dissolved in DMSO-d~6~.

We prepared the perovskite precursor solution by dissolving DMAPbI~3~ powder and CsI in DMF, with a series of CsI/DMAPbI~3~ molar ratios (CsI from 0.3 to 0.9 M, DMAPbI~3~ fixed at 1 M, referred to as Cs-0.3, ..., Cs-0.9) in the precursor (details in [Methods](#sec3){ref-type="sec"} section). A two-step annealing process (140°C + 180°C) was employed to fully crystallize the spin-coated films ([Figure 3](#fig3){ref-type="fig"}A), facilitating the formation of Cs~x~DMA~1-x~PbI~3~ perovskites. The absorption property with different CsI/DMAPbI~3~ molar ratios was first investigated, showing similar optical features on the spectra ([Figure S2](#mmc1){ref-type="supplementary-material"}). The XRD patterns ([Figures 3](#fig3){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}) of the obtained films show clear peaks corresponding to Cs~x~DMA~1-x~PbI~3~ (14.4°, 28.9°) and DMAPbI~3~ (11.8°), respectively ([@bib8]). Remarkably, in contrast to perovskites fabricated from other conventional routes (such as reacting CsI and PbI~2~ with DMAI, [@bib8], or dissolving CsI and PbI~2~ in DMF with HI additive, [@bib31]), our perovskite films show more intense diffraction peaks of (100) (14.4°) and (200) (28.9°) without any splitting, along with other spurious peaks strongly suppressed. This result suggests that the introduction of DMA^+^ (also confirmed by ^1^H NMR in [Figure 3](#fig3){ref-type="fig"}C and FTIR in [Figure S4](#mmc1){ref-type="supplementary-material"}) effectively optimizes tolerance factor, resulting in the high crystallinity and preferable orientation in the perovskite films ([@bib20]).Figure 3Fabrication and Characterization of Cs~x~DMA~1-x~PbI~3~ Perovskite Films(A) Schematic diagram of preparing Cs~x~DMA~1-x~PbI~3~ perovskite films.(B) XRD patterns of Cs~x~DMA~1-x~PbI~3~ films with different molar ratios of CsI/DMAPbI~3~ in the precursor (Cs-0.9, 0.7, 0.5, and 0.3); peak for DMAPbI~3~ marked with \*; see also [Figure S3](#mmc1){ref-type="supplementary-material"}.(C) ^1^H NMR spectra of the powder obtained from scratching the Cs~x~DMA~1-x~PbI~3~ films when the molar ratio of CsI/DMAPbI~3~ in the precursor is 0.5/1.(D) Top-view SEM images of the Cs~x~DMA~1-x~PbI~3~ films with different concentration of Cs^+^; scale bar, 1 μm in insets; see also [Figure S5](#mmc1){ref-type="supplementary-material"}.(E) Optical photographs of Cs~x~DMA~1-x~PbI~3~ films with different molar ratio of CsI/DMAPbI~3~ in ambient condition (RH 20% ± 5%) for 20 days.

We noticed that the molar ratio of CsI/DMAPbI~3~ has clear effects on the resulting Cs~x~DMA~1-x~PbI~3~ films property. As the Cs^+^ ratio increases, the DMAPbI~3~ XRD peak (2θ = 11.8°) decreases and disappears when the molar ratio is over Cs-0.8. This indicates the existence of excess DMAPbI~3~ in the perovskite film when CsI molar ratio in the precursor falls below 0.8. SEM images ([Figures 3](#fig3){ref-type="fig"}D and [S5](#mmc1){ref-type="supplementary-material"}) show that the Cs-0.5 precursor leads to the optimal film morphology with smooth and dense grains, whereas with insufficient Cs^+^ (Cs-0.3) the perovskite film displays many cavities and Cs-0.7, Cs-0.9 films also show emergence of pinholes. We further evaluated the stability of the films processed with different CsI/DMAPbI~3~ molar ratios. As shown in [Figure 3](#fig3){ref-type="fig"}E, the films with low concentrations of Cs^+^ (Cs-0.3, Cs-0.5) show negligible degradation after exposing in air for 20 days (relative humidity \[RH\] 20% ± 5%), whereas those with higher Cs^+^ ratio (Cs-0.7, Cs-0.9) quickly degrade from black (α) phase into yellow (δ) phase within a few days (see XRD data in [Figure S6](#mmc1){ref-type="supplementary-material"}). The result suggests that an appropriate ratio of CsI/DMAPbI~3~ is required for achieving a phase-stable film, which could be attributed to the excess DMAPbI~3~ in the films acting as a moisture barrier, thus improving the stability of the perovskites.

To understand the effect of the varied CsI/DMAPbI~3~ molar ratio on the defect property of the Cs~x~DMA~1-x~PbI~3~ films, we employed the space-charge-limited current method to analyze the electron trap-state density ([Figures 4](#fig4){ref-type="fig"}A--4D). The current increases linearly as a function of voltage (indicating Ohmic conduction) up to kink, beyond which the current shows a rapid rise due to the filling of trap states by injected carriers. The voltage at the kink is known as trap-filled limit voltage (V~TFL~), often used to determine the density of trap states through the equation:$$\mathit{V}_{\mathit{TFL}} = \frac{\mathit{e}\mathit{n}_{\mathit{t}}\mathit{L}^{2}}{2\varepsilon\varepsilon_{0}}$$where *e* is the elementary charge, *n*~*t*~ is the density of trap states, *L* is the film thickness between the two contacts, *ε*~0~ is the vacuum permittivity, and *ε* is the relative permittivity of CsPbI~3~ (*ε* = 6.32*ε*~0~) ([@bib23]). V~TFL~ and *n*~*t*~ for different Cs^+^ concentrations are summarized in [Table S1](#mmc1){ref-type="supplementary-material"}. We noticed that the Cs-0.5 film exhibits lowest density of trap states, which is further evidenced with the strongest luminescence intensity and the longest carrier lifetime from the photoluminescence (PL) and time-resolved PL spectra results, respectively ([Figures 4](#fig4){ref-type="fig"}E and 4F). Our results clearly demonstrate the positive effect of engineering the CsI/DMAPbI~3~ molar ratio on reducing the defect states in the resulting Cs~x~DMA~1-x~PbI~3~ films.Figure 4Evaluation of Defect States of Cs~x~DMA~1-x~PbI~3~ Perovskite films(A--D) Logarithmic plotted dark *I*-*V* curves of electron-only devices (FTO/TiO~2~/Cs~x~DMA~1-x~PbI~3~ films/\[6,6\]-phenyl-C~61~-butyric acid methyl ester (PCBM)/Au)) based on (A) Cs-0.3, (B) Cs-0.5, (C) Cs-0.7, and (D) Cs-0.9 films; see also [Table S1](#mmc1){ref-type="supplementary-material"}.(E) PL spectra for Cs~x~DMA~1-x~PbI~3~ perovskite films.(F) Time-resolved PL decay trace of Cs~x~DMA~1-x~PbI~3~ perovskite films; see also [Table S2](#mmc1){ref-type="supplementary-material"}.

Having demonstrated the improved stability for films with optimized CsI/DMAPbI~3~ molar ratio, we further evaluated device efficiency and the stability of resulting complete devices ([Figure S7](#mmc1){ref-type="supplementary-material"}). The PCEs with different ratios are shown in [Figures 5](#fig5){ref-type="fig"}A and 5B, and device parameters are summarized in [Table S3](#mmc1){ref-type="supplementary-material"}. The optimal composition (i.e., Cs-0.5) yields a champion PCE of 14.3% with a *V*~*oc*~ of 1.05 V, a short-circuit current density (*J*~*sc*~) of 18.4 mA/cm^2^, and a filling factor of 0.74 ([Figure 5](#fig5){ref-type="fig"}C) based on the active layer processed at Cs-0.5, in good agreement with our findings when evaluating the perovskite film quality. We further found that the high performance for Cs-0.5 PSCs was consistent with their high crystal quality and good energy-level alignment at the electron transport interface ([Figures S8](#mmc1){ref-type="supplementary-material"} and [S9](#mmc1){ref-type="supplementary-material"}). The steady power output for this champion device sustains at 12.8%, measuring at the fixed voltage of 0.849 V close to the maximum power point ([Figure 5](#fig5){ref-type="fig"}D), and the external quantum efficiency (EQE) shows an integrated *J*~*sc*~ value at 16.1 mA/cm^2^ ([Figure 5](#fig5){ref-type="fig"}E). We noted that the Cs-0.5 PSCs also exhibit good reproducibility ([Figure S10](#mmc1){ref-type="supplementary-material"}) and good stability, with the best device maintaining 85% of its initial efficiency after 20 days of air exposure (RH 20% ± 5%) without encapsulation ([Figure 5](#fig5){ref-type="fig"}F).Figure 5Photovoltaic Performance of Cs~x~DMA~1-x~PbI~3~ Perovskite Solar Cells(A) *J-V* curves of the solar cells based on Cs~x~DMA~1-x~PbI~3~ perovskite films with different compositions (Cs from 0.3 to 0.9); see also [Table S3](#mmc1){ref-type="supplementary-material"}.(B) PCE of devices with varied Cs~x~DMA~1-x~PbI~3~ films as a function of the ratio of CsI/DMAPbI~3~ in the precursor (Cs from 0.3 to 0.9).(C) *J-V* curves of the champion device (Cs-0.5) in reverse and forward scan directions.(D) Steady-state PCE and current density of the champion device (Cs-0.5) measured at maximum-power point of 0.849 V.(E) External quantum efficiency spectra of the best solar cell based on the Cs-0.5 perovskite film.(F) Evaluation of long-term stability of the device (Cs-0.5) stored in air (RH 20% ± 5%).

Conclusion {#sec2.1}
----------

In summary, we performed comprehensive characterization of hydrolyzed DMAPbI~3~ material and systematic evaluation of its effect on fabricating high-quality Cs-based PSCs. Through a series of detailed analysis of the composition and properties of DMAPbI~3~, including *in situ* TG-FTIR and NMR, we unambiguously determine the existence of DMAPbI~3~ synthesized from the popular fabrication process---dissolving PbI~2~ in DMF with addition of HI---due to the hydrolysis of DMF. By carefully controlling the CsI and DMAPbI~3~ molar ratio in the precursor, we achieve an optimal composition essential for obtaining high-quality Cs~x~DMA~1-x~PbI~3~ perovskite films with uniform morphology and low density of trap states, which further leads to optimized Cs~x~DMA~1-x~PbI~3~ PSCs with highly reproducible PCEs up to 14.3%. Our findings provide an in-depth understanding on the product from hydrolyzed DMF and offer insightful guidelines for achieving high-efficiency stable Cs-based perovskite devices.

Limitation of the Study {#sec2.2}
-----------------------

In this work, we dissolve PbI~2~ and HI in DMF to synthesize DMAPbI~3~ and confirm that the "mythical" HPbI~3~ does not exist (which actually should be DMAPbI~3~) by providing a comprehensive analysis on the elementary information of the reaction products at every stage. However, the Cs~x~DMA~1-x~PbI~3~ perovskite film is hard to be stabilized when *x* is approaching 1 by reacting such DMAPbI~3~ with CsI. It would be more interesting if the phase transition of Cs~x~DMA~1-x~PbI~3~ perovskite films was studied through *in situ* measurement, to further investigate the effects of Cs^+^/DMA^+^ ratio on the phase transition of Cs~x~DMA~1-x~PbI~3~ perovskites.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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